Background: Repeated studies have shown that high impulsivity, when defined as the tendency to choose small immediate rewards over larger delayed rewards, is more prevalent in drug addicts and alcoholics when compared with nonaddicts. Assessing whether impulsivity precedes and potentially causes addiction disorders is difficult in humans because they all share a history of drug use. In this study, we address this question by testing alcohol-naı¨ve mice from lines showing heritable differences in alcohol intake.
XCESSIVE ALCOHOL DRINKING is the third leading preventable cause of death, and caused 75,766 deaths in 2001, and shortened those lives by an average of 30 years (CDC, 2001) . Impulsivity is correlated with alcoholism (Petry, 2001) , abuse of cocaine (Bornovalova et al., 2005; Coffey et al., 2003) , heroin (Kirby et al., 1999; Madden et al., 1997) , methamphetamine (Hoffman et al., 2006) , and nicotine (Mitchell, 1999) . Additionally, severity of addiction to drugs is positively correlated to the degree of impulsivity (Dom et al., 2006; Heyman and Gibb, 2006) . While impulsivity appears to be linked to addiction, the relative contributions of innate and induced impulsivity to addiction is controversial and of great interest to researchers (Petry, 2006) . Impulsivity may be viewed as the behavioral output of neurological processes that likely contributes to addictive disorders, and as such might be thought of as a candidate endophenotype. Endophenotypes are measurable, heritable biological states that are hypothesized to underlie and precede the development of a disorder, and are presumably closely related to the particular alleles that cause a disorder (Gottesman and Gould, 2003) . Endophenotypes are valuable analytical tools, as they potentially allow greater power to detect genes and ⁄ or systems of interest than the clinical phenotype itself (Dick et al., 2006) , as well as increasing understanding of the etiology of complex disorders such as alcoholism and other addictions.
To avoid the confounding variable of drug history found in most human studies, we may turn to studies of drug-naı¨ve subjects to assess whether impulsivity could be considered a valid endophenotype rather than a result of a history of drug use. Sons of alcoholic fathers were observed to be more impulsive than controls in the premorbid stage in one longitudinal study (Knop, 1985) . In another 4-year longitudinal study, impulsivity was predictive of later alcohol use by teens (Ernst et al., 2006) . In nondrug using female subjects, paternal drug use history predicted higher impulsivity (Petry et al., 2002) . In rats, impulsivity in drug-naı¨ve animals was predictive of later cocaine self-administration (Perry et al., 2005) and, in another rat study, later alcohol drinking (Poulos et al., 1995) .
Impulsivity, along with heightened reward, forms a crucial component of addiction. Although much attention has been devoted to drug reward and reward-related brain circuits, drug reward alone may not be sufficient to establish drug addiction. An emerging hypothesis is that addiction results from the interaction of reward mechanisms and impaired inhibition (Finn, 2002; Goldstein and Volkow, 2002; Olmstead, 2006; Perry and Carroll, 2008; de Wit and Richards, 2004) . The inhibition addressed in this study is of maladaptive choice behavior that results in a net loss to the organism.
One way to define impulsivity is the tendency to value smaller immediate rewards over larger delayed rewards (Ainslie, 1975; Rachlin and Green, 1972) . According to this theoretical framework, impulsivity is an inability to defer reward, even when waiting consistently results in greater success, or reward density. This tendency can be measured empirically using the delay discounting (DD) task. The DD task is widely used in both human and animal studies, and the task is remarkably similar between species, lending good face validity to assessments of impulsivity in experimental animal models. Impulsivity in the DD task is defined as the extent to which time degrades the subjective rewarding value of the delayed reinforcer. The steepness of this relationship between time and subjective value is usually referred to in the literature as k. Larger values of k equal greater impulsivity, that is, greater discounting of delayed rewards. The parameter k is derived from the formula:
where V is the subjective value of the reward, A is the size of the delayed reward, D is the length of the delay, and k is the fitted parameter (Mazur, 1987) . The DD task is uniquely well suited to measuring impulsive choice, or cognitive impulsivity, which can be differentiated from prepotent response inhibition, or motor impulsivity (Mitchell et al., 2005; Winstanley et al., 2004) . The DD task is a robust measurement tool, as discounting curves remain stable for months, and have high test-retest reliability (Ohmura et al., 2006) . An ideal animal model of alcoholism would be one that demonstrated high volitional ethanol consumption in the presence of an alternative fluid. Bidirectional selection of 2 replicated lines of HAP and LAP mice both began with heterogeneous HS ⁄ Ibg mice; these are low ethanol drinkers which consume about 3.5 g ⁄ kg ⁄ day (Behm et al., 2003; Grahame et al., 1999a) . The HAP mice do not have to be food or water deprived to drink ethanol, they will drink unsweetened ethanol, and they achieve pharmacologically relevant blood alcohol concentrations following free-choice access to ethanol and water (Grahame and Grose, 2003; Grahame et al., 1999a) . Both HAP1 and HAP2 mice prefer ethanol to water. Parents of the HAP mice used in the current study (generations 34 and 23 for lines 1 and 2, respectively) have an 84% preference ratio when drinking a 10%(v⁄ v) ethanol solution, as compared to a 6% preference ratio observed in generation 23 LAP2 and a 15% preference ratio in the HS ⁄ Ibg mice.
The selection criterion for the HAPs was high consumption of 10% ethanol solution during 4 weeks of free-choice access, while the criterion for LAPs was low consumption of the same solution during the same period (Grahame et al., 1999b) . Over generations, alleles that increase ethanol preference become concentrated in the population of HAPs and become excluded from the population of LAPs. Generally speaking, bidirectional selection results in divergence on the trait of interest as well as divergence on correlated traits (Crabbe et al., 1990; Falconer and Mackay, 1996) . Traits correlated with ethanol preference include motor impulsivity (Wilhelm et al., 2007) , anxiety-like behaviors (Izidio and Ramos, 2007) , sweet preference (Dess et al., 1998; Piasecki et al., 1998) , and conditioned taste aversion (Chester et al., 2003) , among others (Green and Grahame, 2008) . These correlated traits may reveal endophenotypes. If impulsivity is an endophenotype for addiction ⁄ alcoholism, then selection for high and low ethanol preference should result in parallel differences in impulsivity.
Greater impulsive choice was not detected using the DD task in mice selected for alcohol drinking in one study, although those authors did find higher motor impulsivity in the high drinkers (Wilhelm et al., 2007) . As the selection was performed over only 4 generations, this study may have lacked a large enough response to selection to detect a correlated trait such as impulsivity. Another study showed that 2 strains of inbred high-alcohol drinking (iHAD) rats had steeper discounting curves than 2 strains of inbred low-alcohol drinking (iLAD) rats (Wilhelm and Mitchell, 2008) , suggesting a genetic relationship between drinking and impulsivity. However, because an inbred strain represents a single genetic individual that is homozygous at all loci, extrapolating findings from even 2 pairs of strains to a wider population may not be as straightforward as more outbred lines.
Given that HAP mice freely drink relatively large amounts of alcohol, and alcoholism in humans correlates with impulsivity, our first hypothesis is that ethanol-naı¨ve HAP2 mice will be more impulsive than LAP2 mice on the DD task using saccharin rewards. Our second hypothesis is that HAP1 mice will be more impulsive than the relatively abstinent HS ⁄ Ibg mice, which would allow replication of the line 2 result, showing that line differences in impulsivity are not likely to be a chance result of differences arising from inbreeding and genetic drift. If these hypotheses were supported, it would provide additional evidence for impulsivity as an endophenotype in alcoholism.
MATERIALS AND METHODS
All work was performed in accordance with, and approved by, the Indiana University School of Medicine IACUC. Mice were offspring of HAP1, HAP2, LAP2, and HS ⁄ Ibg breeders, and were all born in the Indianapolis Veterans Administration Animal Care Facility. HS ⁄ Ibg breeders were supplied from the founding colony in Boulder, CO, and HS ⁄ Ibg mice used in this study were no more than 3 generations removed from those original breeders. Mice were all individually housed in polycarbonate cages (27.9 · 9.5 · 12.7 cm) with Cellsorb bedding, at an ambient temperature of 21 ± 1°C and lights on from 22:00 to 10:00 hours. Mice had ad lib access to food, and water access restricted to 2 hours per day, immediately after testing. Mice were transported in a light shielded transporter to the testing room; the mice were tested between 11:00 and 16:00 hours, and were always tested in the dark.
Experiment 1 and experiment 2 were conducted in the same way using the same shaping protocol, equipment, software, and handling procedures. The only difference between them was the type of mice tested. Experiment 1 was conducted with HAP2 and LAP2 mice, while experiment 2 was conducted with HAP1 and HS ⁄ Ibg mice.
Apparatus
The operant apparatus consisted of 12 identical boxes that measured 21.6 · 19.7 · 12.7 cm inside, with 2 sides constructed of clear acrylic and 2 sides of aluminum (MedAssociates, St Albans, VT). The operant box was contained in a sound and light attenuated chamber that was equipped with a fan for ventilation and background noise. An LED ⁄ nosepoke infrared detector was centered on the 19.7 cm side at 6.3 cm above the floor, and illumination of that LED signaled the beginning of a trial. Below the LED ⁄ nose-poke detector was the sipper access hole, through which the sipper descended when mice were being rewarded. The sipper tube was a 10-ml graduated plastic serological pipette fitted with a stainless steel tip (Ancare, Belmont, NY.) The sipper tube could be extended into the box for varying amounts of time, which allowed precise control of sipper access. Consumption volumes (±0.1 ml) were visually read from the tube. The sipper tube was filled with a solution of 0.0316% (w ⁄ v) saccharin solution. Levers were mounted 2.5 cm above the floor on either side of the sipper tube opening. Each lever had an LED 2.3 cm above it signaling that the lever was active (that is, reinforcement was available on that lever). Control of the operant boxes and collection of data was performed via the MedPC IV software (MedAssociates, St Albans, VT) and MedPC interface cards on a PC compatible computer. Data were sorted in Microsoft Excel (Redmond, WA) and statistical analyses were performed using SPSS 15.0 (Chicago, IL).
Animals
Two experiments were conducted. Experiment 1 used 2 cohorts each of HAP2 and LAP2 mice, and Experiment 2 used 1 cohort each of HAP1 and HS ⁄ Ibg mice. In both experiments, both lines of mice were tested concurrently. In Experiment 1, the first cohort of mice were 12 HAP2 and 12 LAP2, (generation 23) 6 male and 6 female of each line, and were an average of 110 ± 25 days old at the beginning of shaping. The second cohort were 12 HAP2 and 12 LAP2 (generation 24) 6 male and 6 female of each line, and were an average of 137 ± 3 days old at the beginning of shaping. Experiment 2 used 1 cohort of 24 HAP1 (generation 34) and 24 HS ⁄ Ibg (generation 76), 12 males and 12 females of each line, which were 70 ± 4 days old at the beginning of the experiment.
Behavioral Assessment
The time course of each trial is illustrated in Fig. 1 . This procedure was a slightly modified version of a previously reported DD task called an adjusting amount procedure and has been previously described (Richards et al., 1997) . Briefly, the center nosepoke cue light is illuminated until the mouse initiates the trial by nosepoking. After the nosepoke, the center light goes dark, and the lights illuminate above both the left and right lever, signaling availability of a choice. Both lights remain illuminated until a lever press is recorded. Once a lever press is made, the nonchosen lever light extinguishes, and the sipper containing saccharin solution descends into the drinking position. Saccharin solution was used to promote higher responding. One lever was always assigned to ''delay'' and the other was assigned to ''immediate.'' A lever press on the delay side resulted in delivery of the standard, 2-second reward after the programmed delay interval, during which time the light above the delay lever remained illuminated. An immediate-side lever press resulted in delivery of the adjusting reward without any programmed delay. The immediate (adjusting reward) side was set to 1 second access time (half the standard reward) at the beginning of the session. The access time on the immediate side adjusted depending on the subject's choice in the last trial according to the following rules: an immediate choice resulted in adjustment down of sipper access time by 0.2 seconds, and a delay choice resulted in adjustment up of sipper access time by 0.2 seconds. The adjustment increment, 0.2 seconds, was 20% of the initial adjusting side amount. As the value of the immediate reinforcer adjusts up and down throughout the session, it should have titrated to a value subjectively equivalent to the 2-second standard reward by the end of the session. Therefore, the adjusted amount of the immediate side gives an estimate of the subjective valuation of the delayed reward by the end of the session. The adjusted amount of the immediate side was limited to 2 seconds so that it never became larger than the amount on the delayed side, as experience with very large immediate rewards might interfere with mice being able to reliably assess reward magnitude. This was a departure from the Richards and colleagues (1997) paper, which also included a side bias term in the numerator. As we capped the adjusted amount at 2 seconds (the size of the delayed reward), we were not sensitive to biases toward the delayed lever, so we excluded the bias term. Therefore, the range of adjustment was always between 0 and 2 seconds sipper access time. To expose the mice regularly to both immediate and delayed reinforcers, a forced trial on the opposite lever was instituted after 2 consecutive selections of the same lever. In a forced trial, only 1 lever was active, and only that light came on after a nosepoke. In addition, there was no adjustment of the immediate reinforcer resulting from forced trials.
Mice were shaped according to the protocol outlined in Table 1 . After the mice met criterion lever pressing in stage 4 (20 trials completed), side bias was assessed by averaging the last 3 days' choices on each side. The large reinforcer was then assigned to their non preferred side, to counter any initial side bias. After shaping was completed, mice were assessed at the zero delay, which is not actually a delay but rather an assessment of magnitude discrimination. The criterion for continued inclusion of individual mice in this study was a mean adjusted amount of 1.5 seconds or greater (75% or more of the 2 seconds access on the delayed side) in 3 of 4 consecutive days. We used this inclusion criterion because any assessment of DD relies on magnitude discrimination. If individuals could not display a preference for the larger reward, then discounting of that assessment based upon time would be unreliable. Importantly, the adjusted amount derived at the zero delay was not the result of innate side bias, as the 75% adjusted amount requirement meant that the mice preferred the large reinforcer lever over the other lever, which they had initially preferred in the beginning of shaping. Within 5 days of reaching the zero delay criterion, delays of 1, 2, 4, and 8 seconds were introduced in ascending order. Mice were tested for 3 consecutive sessions at each delay, and each session had a single fixed delay for the duration of that session. Dependent variables such as total trials, percent forced trials, consumption, and choice sipper access were means taken from the means of those 3 sessions (or 2, if they did not complete at least 20 trials during a session.) Indifference points for each mouse were determined by taking the median adjusted amount for the last 20 choice trials completed, and then averaging those values across 3 sessions within a programmed delay. Sessions were limited to 1 hour or 60 choice trials, whichever came first. All daily data from mice that completed fewer than 20 trials on a day were excluded. If a mouse did not complete ‡20 trials on 2 of 3 sessions at a delay, that mouse was excluded from the experiment for nonperformance.
Statistics
Parametric statistics were performed, and an a-value of 0.05 was set as the significance threshold, unless corrected by the Bonferroni method. Our main hypothesis was that selection for differences in alcohol preference changed temporal discounting. Because each experiment was performed with a high-alcohol drinking line and a low-alcohol drinking line, we assessed the effect of Alcohol Preference in each study in an overall Experiment · Sex · Alcohol Preference ANOVA, but collapsed across Experiment and Sex in the absence of significant interactions between alcohol preference and these other 2 independent variables. The ns for experiment 1 were HAP2 10(m), 6(f); LAP2 10(m), 7(f), and for experiment 2 they were HAP1 8(m), 10(f); HS ⁄ Ibg 10(m), 7(f). In the presence of significant interactions, data were stratified by factor and analyzed separately for simple main effects and ⁄ or group differences. Huyn-Feldt corrections were used where appropriate.
Analyses of response latencies used medians, because medians are less sensitive than means to the positive skew inherent in reaction time (RT) data sets. Analyses of median response latencies used trials pooled from all sessions, and latencies greater than 30 seconds were excluded as omissions. In the presence of simple main effects of trial block within Line, t-tests back to the first bin were performed to assess differences in response times.
RESULTS
Two mice were excluded from experiment 1 for nonperformance and 11 mice were eliminated due to equipment failure. Additionally, 2 mice died from unknown causes. In experiment 2, 13 mice were excluded for nonperformance. Not including the equipment problem, 16% of the total mice were excluded from the experiments for nonperformance. Six sessions were discarded from experiment 1, and 2 sessions were discarded from experiment 2 for noncompletion of 20 trials, amounting to 1.2 and 0.4% of the total sessions, respectively. There were no line differences in side preference during shaping in any experiment (ps > 0.39). For the critical last 20 trials data, the 95% confidence interval for mean delay preference (number of delayed choices divided by delayed plus immediate choices) was 45.7 to 51.6%, indicating a lack of preference for either lever. Therefore, adjusted amounts recorded on the immediate lever should accurately reflect indifference points.
The dependent variables that were most relevant to choice impulsivity were indifference points and k values. A mixed Experiment (1 or 2) · Sex · Alcohol Preference (High or Low) · Delay (0, 1, 2, 4, or 8) ANOVA was performed on indifference points. Main effects of Delay F(4.0,240.0) = 178.68, p < 0.001 and Alcohol Preference were detected F(1,60) = 14.04, p < 0.001, but no main effects of Experiment (p = 0.20), Sex (p = 0.58), or interactions with Alcohol Preference, Experiment, or Sex were observed (ps > 0.17). Mean indifference points and discounting curves are presented in Fig. 2 ; for clarity, we have included data from each of the 4 lines plotted separately, as well as the data collapsed across Alcohol Preference (bottom panel). These data indicated a consistent effect of a genetic difference in alcohol preference on indifference points in the DD task, consistent with impulsivity's role in high alcohol consumption.
The free parameter k is the value that generates the best fit with the hyperbolic discounting function for each individual. In the present study, k described much of the variance in discounting (mean ± SEM R 2 values = 0.73 ± 0.024). The k values were skewed right (skew = 5.28), so they were normalized with a natural-log transform to allow parametric testing (skew = 0.28). An Experiment · Sex · Alcohol Preference univariate ANOVA on natural-log transformed k values revealed a main effect of Alcohol Preference F(1,60) = 12.14, p = 0.001, but no main effects of Sex (p = 0.55), Experiment (p = 0.09), or interactions with these factors (ps > 0.39). A follow-up t-test between the high and low drinking phenotypes revealed a difference by Alcohol Preference t(66) = 3.41, p = 0.001. Mean ln k values were )0.520 and )1.091, which correspond to k values of 0.594 and 0.336 for high and low-alcohol preferring, respectively. Larger values of k represent steeper discounting, i.e., greater impulsivity.
Trials completed is a measure of operant behavior that may reflect any motivational differences among groups, but is unlikely to be related to our central measures of impulsivity. To assess whether there were group differences in this dependent variable, we conducted a mixed Experiment (1 or 2) · Sex · Alcohol Preference (High or Low) · Delay (0, 1, 2, 4, or 8) ANOVA on total trials. Main effects of Alcohol Preference F(1,60) = 9.00, p = 0.004 and Experiment F(1,60) = 5.47, p = 0.023 were detected, but Sex was not (p = 0.09). There were no interactions with Sex (ps > 0.21) so data were collapsed across Sex. Experiment interacted with Delay F(4.0,240.0) = 5.71, p < 0.001, so the 2 experiments were analyzed separately. In experiment 1, there was no main effect of Delay (p = 0.06) or Line (p = 0.12), nor was there an interaction of Delay and Line (p = 0.62). In experiment 2, main effects of Delay F(3.4,113.7) = 5.40, p = 0.001, Line F(1,33) = 6.96, p = 0.013 and an interaction of Delay · Line F(3.4,113.7) = 3.09, p = 0.024 were detected. Data were stratified by Line, and a main effect of Delay was detected in HAP1 F(4,68) = 4.49, p = 0.003 and HS ⁄ Ibg F(4,64) = 4.02, p = 0.006 such that HAP1s generally completed fewer trials at intermediate delays, and HS ⁄ Ibgs completed more trials at longer delays. Additionally, followup t-tests confirmed that HAP1s and HS ⁄ Ibgs differed at 0 and 1-second delays ts(33) > 3.05, ps < 0.005 using a Bonferroni corrected a of 0.01. These data are summarized in Table 2 . The general pattern showed more trials completed by high-alcohol drinkers, but this effect was marginal, and did not reveal a consistent relationship between genetic differences in alcohol preference. An additional analysis was performed to assess whether there was any correlation between trials completed and k values, our central measure of impulsivity. We ascertained this correlation by determining the mean number of trials completed by each mouse from both experiments, and correlating it with that mouse's lnk value. Across all 68 mice included in the study, this correlation (Pearson's) was r = 0.219, p = 0.073.
Forced trials can influence the relationship between actual consumption and indifference points, especially in the case of low indifference points and high trial number. Percentage of forced trials may be a measure of behavioral rigidity or perseveration. Although we did observe some line differences in the proportion of trials that were forced, this was seen only at the 0-second delay, in which low preference mice had more forced trials (see Table 2 ). To assess whether there were group differences in this dependent variable, we conducted a mixed Experiment (1 or 2) · Sex · Alcohol Preference (High or Low) · Delay (0, 1, 2, 4, or 8) ANOVA on average percentage of forced trials. A main effect of Delay was detected F(4,240) = 20.52, p < 0.001, but Sex (p = 0.07), Experiment (p = 0.27), and Alcohol Preference (p = 0.56) were not. An interaction of Delay · Alcohol Preference was also detected F(4,240) = 3.61, p = 0.007, but interactions with Sex (ps > 0.17), and Experiment (ps > 0.27) were not. Therefore, data were collapsed across Sex and Experiment and analyzed by Delay and Alcohol Preference. A main effect of Delay was present F(4,264) = 21.61, p < 0.001, as well as a Delay · Alcohol Preference interaction F(4,264) = 4.30, p = 0.002, but the main effect of Alcohol Preference (p = 0.72) was not. Therefore, we assessed the effect of Alcohol Preference at each by Delay using t-tests, again Bonferroni-correcting for multiple comparisons to p = 0.01. The 0 delay differed by Alcohol Preference t(66) = 3.16, p = 0.002, but the other delays did not (ps > 0.14). These data indicate that the percentage of forced trials was higher in the low-alcohol drinkers at the 0 delay, but that they were generally similar at other delays.
If the DD task is set up correctly, there should be a decrease in reward received with lower adjusted amounts, because a more impulsive strategy is self-defeating (Ainslie, 1975) . Actual consumption of reward declined as a function of Delay F(3.4,202.9) = 31.17, p < 0.001, and showed interactions of Delay · Alcohol Preference F(3.4,202.9) = 5.09, p = 0.001, Delay · Experiment F(3.4,202.9) = 7.38, p < 0.001, but not interactions with Sex (ps > 0.12). There was a main effect of Experiment F(1,60) = 15.49, p < 0.001, but not of Sex (p = 0.25), Alcohol Preference (p = 0.12), or interactions with Alcohol Preference (ps > 0.13). Therefore, data were collapsed across Sex, and to follow up on the interactions with Alcohol Preference and Experiment, experiments were analyzed separately by Line. Experiment 1 showed main effects of Delay F(2.6,82.2) = 24.55, p < 0.001 and Line F(1,31) = 4.23, p = 0.048 as well as a Delay · Line interaction F(2.6,82.2) = 5.19, p = 0.004. To follow up on this interaction, we assessed whether there were line differences at each delay, again using Bonferroni-corrected t-tests. The 0 delay was found to differ t(33) = 3.38, p = 0.002, but the lines did not differ at the other delays (ps > 0.046). In experiment 2 there was a main effect of Delay, F(3.5,114.1) = 9.95, p < 0.001, but no main effect or interaction with Line (ps > 0.343). In experiment 2, Delay was less potent in decreasing consumption than in experiment 1. These data are shown in Table 2 . The pattern of results suggests that at longer delays, impatience impairs the ability of the mice to correctly choose the delayed reward and that at least between HAP2 and LAP2 mice, the steeper discounting curve observed did result in a loss of ability to obtain the reinforcer.
Given that the high-alcohol preferring lines generally completed more trials and also received more forced trials on the delayed side, actual consumption did not track perfectly with the main effect of Alcohol Preference on indifference points. Perhaps a better index of optimal behavior is the amount of sipper access time that mice earned on choice (nonforced) trials. To cancel the effect of differential total trials between Alcohol Preference groups, the choice sipper access time was divided by total trials completed to yield a measure of behavioral efficiency: that is, ability to gain access to the sipper tube.
A mixed Experiment (1 or 2) · Sex · Alcohol Preference (High or Low) · Delay (0, 1, 2, 4, or 8) ANOVA was performed on choice sipper access time per trial. Main effects of Delay F(3.9,231.9) = 185.81, p < 0.001 and Alcohol Preference F(1,60) = 14.63, p < 0.001 were detected, but there were no interactions (ps > 0.16). This measure of behavioral efficiency corresponded well with indifference points, and is illustrated in Table 2 . Again, this dependent variable suggests the costs, in terms of a loss of reinforcer access time, of the high preferring lines' more impulsive strategy. As differences in drinking efficiency could cloud interpretations by allowing faster mice to get more reward in less sipper access time, an ANOVA was conducted to assess this. Mean drinking efficiencies were 0.0149 ± 0.0006, 0.0134 ± 0.0006, 0.0112 ± 0.0006, and 0.0121 ± 0.0009 ml ⁄ s sipper access ± SEM in HAP2, LAP2, HAP1, and HS ⁄ Ibg lines, respectively. No effect of Line was detected (p = 0.25).
To examine possible differences in RT during the 1-hour operant sessions, average median response latencies were calculated in 5-trial blocks up to 40 trials. We selected 40 trials as the upper limit, as there were some subjects that did not complete more than 40 trials and would therefore have been excluded from the analysis. A mixed Experiment (1 or 2) · Sex · Alcohol Preference (High or Low) · Block (1 to 8) ANOVA was performed on these data. Main effects of Experiment F(1,60) = 33.73, p < 0.001, Alcohol Preference F(1,60) = 8.59, p = 0.005, and Block F(4.8,288) = 40.30, p < 0.001 were detected, but Sex was not (p = 0.62). No interactions with Sex were found (ps > 0.16), but interactions of Block · Experiment F(4.8,288) = 2.36, p = 0.043 and Block · Alcohol Preference F(4.8,288) = 7.33, p < 0.001 were detected. In experiment 1, a main effect of Block and an interaction of Block · Line F(4.0,124.8) > 3.97, ps < 0.005 were detected, therefore HAP2 and LAP2 were stratified. Simple main effects were detected in both HAP2 F(3.1,46.4) = 19.71, p < 0.001 and LAP2 F(4.5,72.3) = 8.63, p < 0.001 lines, so paired t-tests were performed by Block back to the first block within Line. To control for multiple comparisons, we used a Bonferroni-corrected a of 0.00714. In HAP2s, the RTs were slower in the seventh and eighth blocks than the first block ts(15) > 4.93, ps < 0.001. In LAP2s, RTs improved in the second block, but were then unchanged through the last block. Large increases in RTs were only seen in the HAP2s. In experiment 2, a main effect of Block and an interaction of Block · Line F(4.5,148.7) > 4.39, ps < 0.002 were detected, therefore HAP1 and HS ⁄ Ibg lines were stratified. Simple main effects were detected in both HAP1 F(3.0,51.3) = 20.70, p < 0.001 and HS ⁄ Ibg F(5.4,87.0) = 3.43, p = 0.006 lines, so paired t-tests were performed by Block back to the first block, again Bonferroni correcting for multiple comparisons. In HAP1s, the fourth through the seventh blocks differed from the first ts(17) > 3.43, ps < 0.004. In HS ⁄ Ibgs, the fifth, sixth, and seventh blocks differed from the first ts(16) > 3.07, ps < 0.007. Generally, there was an increase in RT later in the session in both lines, but this happened earlier and to a larger degree in the HAP1 versus the HS ⁄ Ibg. These data are illustrated in Fig. 3 .
DISCUSSION
These studies demonstrated that genetic differences in alcohol drinking among 4 independent, outbred mouse lines was positively correlated with differences in impulsivity. In contrast, while we occasionally observed differences among the lines in measures of general motivation, such as amount of reinforcer consumed, this difference was not consistently related to genetic differences in alcohol preference and was uncorrelated with our central measure of impulsivity.
Although the use of sipper tube access for reinforcement rather than discrete delivery introduces drinking efficiency as a possible confound, we did not observe differing efficiencies between the lines, meaning that this was an unlikely source of line differences in discounting behavior. However, the HAP mice did generally consume more reinforcer than the LAP mice in spite of lower adjusted amounts. The most reasonable explanation for this result is the larger number of total trials, as well as forced trials completed by the high-alcohol drinkers as compared to the low drinkers. When we assessed reinforcer access time only on nonforced trials, we again observed no line differences.
The exclusion of 16% of the mice raises the possibility that the current findings do not generalize to the whole population. This issue was carefully weighed against the problem of magnitude discrimination, i.e., mice that cannot discriminate between large and small cannot produce useful data in a discounting task. We decided to use only the 84% of the population that could reliably learn to discriminate the large reinforcer from the small one.
Results found here were somewhat complicated by the fact that we did not have access to 2 complete sets of selected lines maintained in Indianapolis for equivalent numbers of generations; on the other hand, we were able to observe the behavior of a nonselected control line, the HS ⁄ Ibg. With respect to DD, the line difference was slightly larger when the bidirectionally selected lines were compared to each other as opposed to the high drinking line versus the progenitor line.
This may suggest that the largest response to selection was in the direction of high drinking leading to high impulsivity, rather than low drinking leading to low impulsivity. Overall, however, HAP2 differed from LAP2 with a similar magnitude as HAP1 differed from HS ⁄ Ibg. Typically, using a nonselected progenitor stock instead of another LAP line would tend to diminish our ability to detect correlated responses; the fact that we were nonetheless able to observe the DD and RT differences suggests that they are fairly robust.
Another study indicated that selection for ethanol drinking had no effect on impulsive choice in mice. Although procedurally that study was very similar to the present experiment, that study used a murine population quite different from the present sets of selected lines (Wilhelm et al., 2007) . Specifically, they used the fourth generation of their selected mice (STDRHi2 and STDRLo2) for DD testing. They observed an effect of selection for alcohol drinking (high drinkers: 10.5 ± 0.67 g ⁄ kg ⁄ d), but compared with the current generations of HAP mice (Line 1: 20.8 ± 0.55 g ⁄ kg ⁄ d and Line 2: 17.2 ± 0.62 g ⁄ kg ⁄ d) intake of the high drinking parental line was relatively low. Another possibility is that both their response to selection and their ability to detect genetic correlations may be limited by low genetic diversity compared to the HS⁄ Ibg, as the progenitor population in the Wilhelm et al. study was an F2 derived from 2 inbred strains (C57Bl ⁄ 6J and DBA2 ⁄ J), compared to the 8 inbred strain cross that was used to derive the HS ⁄ Ibg. Overall, any genetic correlation (or lack thereof) is specific to the population in which it is observed, although greater genetic diversity may allow a greater ability to generalize from a particular population to the species in general (Falconer and Mackay, 1996) .
A different study performed by the same group found that ethanol-naı¨ve iHAD rats were more impulsive in a DD task than iLAD rats (Wilhelm and Mitchell, 2008) . Together with the current study, these data suggest that impulsive choice is heritable and could be an endophenotype for high alcohol consumption. The genetic risk factor for alcoholism in humans may be accounted for, at least in part, by an enhanced tendency to choose impulsively. Whether or not Fig. 3 . Average median reaction times (RTs) in 5-trial blocks were analyzed with paired t-tests to the first block. HAP2 RTs increased more throughout the session than the LAP2s' (Experiment 1, left panel). HAP1 RTs increased sooner in the session, and by a larger percentage than HS ⁄ Ibgs' (Experiment 2, right panel). *p < 0.0071, which is the Bonferroni-corrected a value.
higher impulsivity causes higher alcohol drinking is unknown, but these data indicate that higher impulsivity precedes alcohol drinking and may be associated with it.
Other studies have suggested a link between the genetic influence on various forms of impulsivity and drug abuse. Trait impulsivity, i.e., high premature responding, was associated with low D2 ⁄ 3 receptor availability and later cocaine self-administration (Dalley et al., 2007) . In another study, rats selectively bred for high saccharin intake, a correlated trait to alcoholism, were more impulsive in a DD task than low saccharin drinking rats (Perry et al., 2007) . Alcohol-preferring Lewis rats, which show conditioned place preference to cocaine (Kosten et al., 1994) and reduced conditioned taste aversion to alcohol (Roma et al., 2006 ) also showed differences in autoshaping that suggest higher impulsivity (Kearns et al., 2006) .
Our measure of behavioral efficiency, choice sipper access time per trial, showed effects of both delay and alcohol preference. Greater impulsive choice, both with longer delays and in high-drinking lines, resulted in losses in sipper access time. This relationship demonstrates that the inability to wait for delayed rewards has detrimental consequences in this task. In the case of human impulsive choice, this behavior may manifest itself as the choice to drink when this will result in later loss of other sources of reinforcement, such as drinking on the job, choosing immediate intoxication over recreational activities, or choosing drug use over human relationships.
We found that the high drinking lines showed a greater increase in RT during the session than the low drinking lines. The results of experiment 2 are more difficult to interpret due to long baseline RTs in the progenitor HS ⁄ Ibg line. While it is typical to see increases in RT later in a session, larger relative increases in RT are interpreted by some researchers as impaired sustained attention (Pattyn et al., 2008; Shimizu et al., 2008; Whyte et al., 1995) . If these data were regarded as deficits in sustained attention, it would be consistent with studies performed in humans that have shown a correlation between drug abuse and impaired attention (Aharonovich et al., 2003; Cairney et al., 2007; Lane et al., 2007; Mackin et al., 2005) . Error rates rather than RT are the most common method of evaluating sustained attention, which is impossible to assess in this version of the DD paradigm, as there is no ''incorrect'' response. Other reasonable explanations for line differences in RT increases would be fatigue, boredom, working memory, or differences in motivation and ⁄ or satiation. Without additional measures of attentional capacity, it is impossible to conclude that these observed differences are due specifically to differences in attention.
The present data show that replicate lines of outbred selected high-alcohol drinking mouse lines are also more impulsive than low drinking lines. Evaluating the neural substrates that modulate choice behavior between small ⁄ immediate versus large ⁄ delayed may be important to understanding many different neuropsychiatric disorders (Boyle et al., 1992; Dervaux et al., 2001; Noordsy and Green, 2003) , and especially the addiction disorders.
Impulsive choice may be a more useful construct with which to study the inhibitory aspect of addiction than self-administration, as inhibitory processes are assessed independently of drug reward and in a drug-free state. The current data are consistent with viewing impulsivity as a trait predictive of alcoholism.
